OBJECTIVES: In cardiac surgery, the choice of temperature regimen during cardiopulmonary bypass (CPB) remains a subject of debate. Hypothermia reduces tissue metabolic demands, but may impair the autoregulation of cerebral blood flow and contribute to neurological morbidity. The aim of this study was to evaluate the effect of two different temperature regimens during CPB on the systemic oxygen transport and the cerebral oxygenation during surgical correction of acquired heart diseases.
INTRODUCTION
Cardiovascular disorders are leading causes of morbidity and mortality. Among these disorders, acquired heart-valve diseases are steadily increasing and often require cardiac surgery. Most of the heart-valve interventions are carried out under cardiopulmonary bypass (CPB) [1] . However, CPB has a number of disadvantages such as induction of the systemic inflammatory response syndrome, which may cause postoperative complications, including neurological morbidity [2] . Nevertheless, off-pump coronary artery surgery without CPB may also be complicated by postoperative neurocognitive dysfunction [3] .
For a long time, hypothermia has been considered the most effective means of preventing hypoxic brain damage during CPB [4] . However, along with its beneficial effects, hypothermia has a negative impact on blood coagulation [5] . Moreover, it increases the incidence of postoperative wound infection [6] and may even impair the autoregulation of cerebral blood flow, thus leading to a development of neurocognitive dysfunction after surgery [7, 8] .
Monitoring of cerebral blood flow and oxygenation allows us to evaluate the metabolic status of the brain [9] [10] [11] . Among different monitoring techniques, cerebral oximetry is frequently used in cardiac surgery. Cerebral tissue oxygen saturation (SctO 2 ) is calculated by determining the local ratio of oxygenated haemoglobin to total haemoglobin at the microvascular level (arterioles, venules and capillaries) in the region of interest. The cerebral oximeter continuously monitors SctO 2 , which is a measure of mixed oxygen saturation reflecting a proportional mixture of arterial ( 30%) and venous ( 70%) blood in the outlying regions of the brain. Several studies have shown that intraoperative use of cerebral oximetry, followed by goal-directed therapeutic interventions, reduces the incidence of neurocognitive deficits and shortens the duration of postoperative respiratory support and intensive care unit (ICU) and hospital stays [12] . However, the influence of different temperature regimens on cerebral oxygenation during CPB has not yet been established. We hypothesized that normothermic (NMTH) perfusion might provide better cerebral oxygenation during surgical correction of acquired heart diseases. Therefore, our aim was to evaluate the effect of two different CPB temperature regimens on systemic oxygen transport and cerebral tissue oxygenation during the surgical correction of acquired heart disease.
MATERIALS AND METHODS

Ethics
The Ethical Committee of the Northern State Medical University, Arkhangelsk, Russian Federation, approved the protocol and the informed consent form of this study (Ethical Committee reference number 02/03).
Patients
The study was conducted at the Departments of Anesthesiology and Intensive Care Medicine of the Northern State Medical University and the City Hospital #1 of Arkhangelsk (Arkhangelsk, Russian Federation). Forty adult patients with complex acquired heart diseases requiring surgical correction of two or more valves were included in a prospective study after signing the informed consent form. The inclusion criteria were age >18 years and scheduled repair and/or replacement of two or more cardiac valves requiring CPB. The patients were excluded from the study if they had stenosis of coronary and/or carotid arteries, severe heart failure (NYHA 4) and extreme obesity (body mass index >40 kg m -2 ), or if they participated in other studies.
Preoperative evaluation and anaesthesia
The patients were preoperatively evaluated according to a standard protocol. Preoperative heart failure was assessed using the NYHA classification and the plasma concentration of N-terminal pro-B-type natriuretic peptide (NT-proBNP 
Randomization and cardiopulmonary bypass
On the day of surgery, patients who were eligible for the study were randomized into two equal groups using unmarked sealed envelopes. The order of envelopes was determined blindly by a member of the department's secretarial staff who played no other role in the study. In the normothermia (NMTH) group (n = 20), the body core temperature during CPB was maintained at 36.6°C. In the hypothermia (HPTH) group (n = 20), the CPB was performed in the hypothermic (HPTH) mode using pH-stat management and cooling to a core temperature of 32°C during CPB. CPB was established in a standardized manner with an extracorporeal circuit between the right atrium and the ascending aorta using a Jostra HL 20 (Maquet, Sweden) in a non-pulsatile mode. Cardiac arrest and myocardial protection were obtained by infusion of cold (4-6°C) cardioplegic solution (Custodiol, Dr Franz Köhler Chemie GmbH, Germany), which was delivered antegradely at 30 ml kg -1 . Mean arterial pressure (MAP) during perfusion was maintained within the range of 50-70 mmHg. In the case of hypertension, we used intravenous infusion of nitroglycerine 0.5-1.0 µg kg -1 min -1 . In the presence of hypotension, vasopressor support was carried out by bolus intravenous administration of phenylephrine at a dose of 0.015 mg kg -1 . Restoration of cardiac activity occurred spontaneously within 20-40 min after unclamping the aorta or by pacing. In the case of ventricular fibrillation, electrical cardioversion was performed. In the HPTH group, rewarming was started after unclamping the aorta and continued until venous blood temperature reached 36.7°C. In the presence of acute heart failure (cardiac index <2 l min
infusion of dobutamine at a dose of 3-10 µg kg -1 min -1 and/or epinephrine at a dose of 0.05-0.2 µg kg -1 min -1 was used to maintain myocardial function.
Measurements
Systemic oxygen transport and cerebral oxygenation variables were measured after induction of anaesthesia, during surgery and within 24 h postoperatively. In all the patients, we assessed perioperative blood gases, haemoglobin, lactate and glucose concentrations. In the case of severe metabolic acidosis ( pH < 7.2), infusion of sodium bicarbonate solution was used. Hyperglycaemia was corrected by subcutaneous or intravenous injection of insulin to maintain a blood glucose level within the range of 6-10 mmol l -1 . Criteria for termination of postoperative respiratory support were as follows: the patient should be able to cooperate; adequate muscular tone; SpO 2 > 95% with FiO 2 0.5; PaCO 2 < 45 mmHg; postoperative bleeding rate <50 ml h -1 ; stable haemodynamics without significant inotropic/vasopressor support (doses of epinephrine <0.1 µg kg -1 min -1 and dobutamine <5 µg kg -1 min -1 ); body temperature of >35°C. Temporary pacing was not regarded as a contraindication for tracheal extubation.
Our primary end-point was cerebral oxygenation, as determined by cerebral oximetry under NMTH and HPTH CPB. For assessment of clinical outcome, we used the duration of postoperative mechanical ventilation, the time until fulfilment of the fit for ICU discharge criteria, and the length of the ICU and the hospital stay. The fit for ICU discharge criteria included the following: patient fully oriented, SaO 2 > 90% on room air, no episodes of severe arrhythmias, bleeding <50 ml h -1 , diuresis >0.5 ml kg -1 h -1 , no need for inotropic/vasopressor support and no signs of myocardial ischaemia on ECG. The clinician responsible for the weaning from mechanical ventilation, the ICU stay and the discharge of the patient was not involved in the study.
The patients were discharged from hospital when they satisfied the following criteria: haemodynamic stability, independent ambulation and feeding, afebrile with no obvious infections, normal voiding and bowel movements, pain control on oral medications and exercise tolerance.
Statistical analysis
Calculation of sample size was based on initial observations (10 cases in each group) and the hypothesis that NMTH CPB will increase SctO 2 by 5% compared with the HPTH regimen. In order to find a statistically significant difference with α of 0.05 and power of 0.8, a sample size of 20 patients in each group proved to be sufficient. Data were analysed using the software package SPSS 15.0. The normality of data distribution was confirmed by Shapiro-Wilk's test. According to data distribution, Student's t-test or Mann-Whitney's U-test were used for intergroup analysis. Intragroup analysis was performed using repeated measures (ANOVA) followed by test of contrasts or Friedman's test followed by Wilcoxon's test. Quantitative data are presented as mean ± standard deviation or median (25-75th percentiles) . Analysis of discrete data was performed using the χ 2 -test. For all tests, a P-value of <0.05 was considered as statistically significant.
RESULTS
Demographical data and preoperative patient characteristics are presented in Table 1 . There were no significant intergroup differences with regard to age, risk of intervention (EuroSCORE), severity of heart failure (NYHA), preoperative left ventricular ejection fraction and NT-proBNP levels.
The perioperative characteristics are shown in Table 2 . The durations of surgery, CPB and myocardial ischaemia, as well as the frequency and the duration of inotropic/vasopressor support and the frequency of postoperative bleeding did not differ between the groups. The duration of respiratory support, the time to fulfilment of fit for ICU discharge criteria, as well as the duration of the actual ICU and hospital stays did not differ between the groups (P > 0.05).
Consumption of anaesthetic drugs, fluid therapy, and postoperative blood loss are depicted in Table 3 . Average intraoperative doses of midazolam and propofol did not differ between the groups. Perioperative fluid therapy, transfusion requirements and postoperative blood losses were comparable among the groups as well.
Clinical and laboratory data during CPB are presented in Table 4 . MAP rose significantly during CPB in both groups. Haemoglobin concentrations increased at 90 and 120 min of CPB when compared with the onset in the NMTH group without intergroup differences. The body temperature during CPB was maintained at target levels in both groups. PaCO 2 displayed no significant intergroup differences. Central venous partial pressure of oxygen (PcvO 2 ) and central venous oxygen saturation (ScvO 2 ) were significantly higher in the HPTH group 30 min after the onset of CPB. From the beginning of CPB, the values of cerebral tissue oxygen saturation were significantly higher in the NMTH group. The depth of anaesthesia during CPB corresponded to that defined as surgical anaesthesia and did not differ between the groups. Blood lactate levels increased in both groups throughout CPB and were significantly higher in the HPTH group at 90 min of CPB. Haemodynamic and systemic oxygen transport variables are shown in Table 5 . In both groups, we noticed transient changes in central venous pressure, and heart rate rose significantly after the surgery in all the patients. By the end of surgery and throughout the first 24 h postoperatively, the cardiac index increased significantly, while MAP and systemic vascular resistance index decreased moderately with no intergroup differences. PaCO 2 rose postoperatively without intergroup differences. Haemoglobin concentration decreased after the surgery in both groups. Central venous oxygen saturation remained within physiological limits (65-75%) throughout the study, but increased transiently in the HPTH group at 6 h postoperatively. Cerebral tissue oxygen saturation rose postoperatively in both groups and was significantly higher in the NMTH group at the end of surgery. The indexes of oxygen delivery (DO 2 I) and consumption (VO 2 I) increased postoperatively in both groups. However, DO 2 I was higher in the NMTH group at 24 h after the surgery and VO 2 I exceeded the corresponding values of the HPTH group at the end of surgery and at 6 and at 12 h postoperatively (P < 0.05). PaO 2 /FiO 2 decreased to nadir in both groups at the end of surgery and rose transiently at 18 h postoperatively in the HPTH group (P < 0.05). Extravascular lung water decreased postoperatively in both groups. Core body temperature rose after surgery without intergroup differences.
DISCUSSION
The main finding of the present study was that despite the increase in central venous oxygen saturation during HPTH CPB, cerebral oxygenation was significantly higher in the NMTH group.
Near-infrared spectroscopy-based cerebral oximetry provides continuous real-time monitoring of the cerebral perfusion in a variety of clinical settings, including cardiac surgery. Recent studies have revealed that cerebral oximeters are capable of detecting clinically silent episodes of cerebral ischaemia. This makes them an important tool in monitoring cerebral function [13, 14] . The cerebral oximeter used in this study is a non-invasive device that continuously monitors absolute brain oxygen saturation without requiring baseline calibration. The absolute oximetry is resistant to ambient light; therefore, these monitors might have an advantage over the relative oximeters [15] . We demonstrated that lowering the body temperature during CPB leads to an increase in central venous oxygenation concerted by a reduced cerebral oxygenation. Thus, the use of hypothermia during CPB resulted in a significant increase in PcvO 2 and ScvO 2 , when compared with NMTH perfusion. These differences were accompanied by a 26% decrease in VO 2 after HPTH CPB when compared with the NMTM group (Table 5) , which corresponds to a 5.2% fall in VO 2 per degree reduction of body temperature, as recently reported in pigs [16] . Similar results were obtained in patients with cardiogenic shock [17] , in the acute stage of stroke, and after cardiac arrest [18] . Simultaneously, cerebral oxygenation was significantly higher throughout the CPB period and at the end of surgery in the NMTH group. A possible explanation of this finding is that HPTH perfusion might impair the autoregulation of cerebral blood flow [8, 19, 20] . As PaCO 2 and Hb did not differ significantly between the groups, and the patients received similar modes of CPB and mechanical ventilation, it is unlikely that cerebral perfusion in this group was influenced by hypocapnia or anaemia. We interpret the increase in plasma lactate, which was observed in both groups, albeit somewhat more prominently in the HPTH group, as a result of the peripheral vasoconstriction and the decline in tissue perfusion that accompanies the CPB [21] .
The increase in heart rate, cardiac index and oxygen delivery during the postoperative period can be explained by the correction of the valve pathology as well as by the activation of the sympathetic nervous system during the awakening of the patients. The decrease in systemic vascular resistance and MAP in concert with the increase in body temperature after surgery might result from activation of the systemic inflammatory response syndrome secondary to CPB, and from vasodilatation subsequent to fluid replacement [22, 23] . Postoperative anaemia, which was observed in both groups, may be due to perioperative blood loss and haemodilution.
The increase in cerebral oxygenation during the postoperative period may be associated with increased oxygen delivery as well as with normalization of cerebral blood flow in parallel with awakening of the patients. In the HPTH group, uneven distribution of microcirculation besides a reduced metabolic rate might have played a role in the reduced oxygen consumption until 18 h postoperatively.
The transient deterioration of arterial oxygenation during the postoperative period, noticed in both groups, can be explained by the formation of atelectases following surgery and a relative fluid overload after CPB [24] . However, the correction of the Plasma lactate (mmol l 1.9 ± 0.6 1.9 ± 0.5 2.9 ± 0.5** 2.6 ± 0.8** 2.5 ± 0.5** 2.6 ± 0.7** 2.8 ± 0.6** 2.6 ± 0.5** 2.6 ± 0.5** 2.5 ± 0.4** 2.6 ± 0.5** 2.4 ± 0.4** 2.7 ± 0.4** 2.5 ± 0.5** SVRI (dyn s 3402 ± 1088 2793 ± 652 1782 ± 444** 2147 ± 666** 2024 ± 585** 1997 ± 793** 1921 ± 532** 1828 ± 431** 2323 ± 428** 2217 ± 680** 2517 ± 688** 2527 ± 596 2218 ± 343** 2324 ± 631** valvular dysfunction and the re-establishment of an appropriate fluid balance after the surgery may have been instrumental in reducing the extravascular lung water index and improving the respiratory function by 24 h. Our study has several limitations, including a small number of observations. It might also be criticized that no neurocognitive dysfunction rating scales were used for the postoperative evaluation of the patients. For the evaluation of systemic oxygen transport, measurement of arterial and mixed venous oxygen contents is possible, but we omitted measurements of mixed venous blood gases in this study. In addition to changes in cerebral autoregulation, the intergroup difference in cerebral oxygen saturation could be caused by a simple change in arterial to venous blood volume ratio secondary to differences in body temperature. Moreover, NIRS might be influenced by skin oxygenation, which may vary between HPTH and NMTH groups. We used pH-stat management of arterial pH during CPB, while several studies have shown that α-stat strategy is beneficial during mild HPTH perfusion [25] . Thus, during CPB for cardiac surgery, the influence on neurocognitive outcome of the temperature regimen and the perioperative cerebral blood flow warrants further investigation in larger randomized, controlled clinical trials.
CONCLUSIONS
During combined cardiac valve surgery, NMTH CPB increases cerebral tissue oxygenation when compared with a HPTH regimen.
